I. INTRODUCTION
Driven by its scalability, small footprint and low harmonic distortion, the modular multilevel converter (MMC) is more and more considered for medium voltage applications [1] - [3] The biggest challenge in MMC-based drives is the submodule voltage fluctuations, which are inversely proportional to the output frequency [4] . A solution has first been investigated in [4] by injecting a common-mode voltage and circulating currents at a high frequency. This compensation solution results in high-frequency energy exchange between the upper and lower arms, leading to minimizing the voltage fluctuations at the output frequency. Consequently, the submodule voltages contain only ripples at the frequency used for injection. Moreover, these high-frequency ripples can be controlled by varying the frequency of injection or the capacitor size.
Several other modifications to this technique have been proposed [5] - [8] . In [5] sinusoidal waves combined with third harmonics as well as square waves are used for the injected common-mode voltage. In [6] sinusoidal waves with third harmonics are also used, but the circulating current is determined in real-time by solving a set of equations. Thecoordinates are used to simplify the control in [7] while making use of a sinusoidal common-mode voltage. In [8] the circulating current is controlled by a pre-calculated voltage and utilizing sinusoidal and square common-mode voltages. In all solutions [4] - [8] , the mathematical analysis of the power in the MMC arms assumes the circulating current is realized exactly as required to eliminate the submodule voltage fluctuations at the output frequency.
Since the submodule voltage ripples can be controlled by either the frequency or the capacitor size, it is more attractive to increase the former and reduce the latter to achieve high energy density of the MMC. However, we observed that attempting to increase the frequency of the injected voltages and currents beyond a certain value yields opposite and undesired outcomes. Specifically, the voltage components at the output frequency resurface, which are supposed to be eliminated by commonmode voltage and circulating current control. The appearance of these voltage components can be attributed to the error in the circulating current. The problem has been investigated in [9] for injected voltages and currents at different frequencies. In addition, a simple solution has been proposed to suppress the submodule voltage fluctuations at the output frequency by slightly modifying the circulating current reference with two parameters [9] . This paper presents more analysis on the relationship between the circulating current errors and the undesired outputfrequency voltage fluctuations. In addition, an even simpler solution is proposed to suppress these fluctuations using only one parameter in the circulating current control. Section II presents the theoretical analysis and mathematical derivations. A MATLAB/SIMULINK simulation of an MMC-based drive system is presented in Section III to verify the theoretical analysis. Furthermore, the proposed solution is verified using experimental results in Section IV. Finally, conclusive remarks are made in Section V.
II. MATHEMATICAL ANALYSIS

A. System and Problem Description
A typical modular multilevel converter (MMC) supplied by a constant dc voltage to drive a variable speed motor is shown in Fig. 1 . The converter consists of three legs denoted by the subscripts "a", "b" and "c". Each phase leg is made of an upper and lower arm indicated by the subscripts "p" and "n", respectively. In each arm half-bridge submodules are stacked in series with an arm inductor . The two inductors within one leg prevent high current spikes in the arms due to any voltage difference between the submodules and the dc-link. Furthermore, these inductors are mutually coupled to reduce the effect of the arm inductance on the load. In the following analysis, the sinusoidal injection technique in [5] is considered and the circulating current is defined as
The common mode voltage and reference circulating current for Phase A are given by
where and are the load (motor) voltage and current of Phase A, respectively, and is the angular frequency of the high-frequency common-mode injection. To highlight the error effects in the circulating current, it is assumed that there exist amplitude and phase errors as demonstrated in Fig. 2 . Thus, the expression for the actual circulating current is (4) with and representing respectively the amplitude and phase deviations.
B. Effects of Circulating Current Errors on Arm Power and Submodule Voltages
It has been shown in [9] that the circulating current errors cause additional power components in the arms at the low fundamental frequency. In other words, the arm power of Phase A, , can be expressed as 
The first term contains components of low frequency determined by the load voltage and current on the output side. The other term includes high-frequency contents due to the injected voltages and currents. A reasonable approximation of is [9] (6)
The presence of in the arm causes voltage fluctuations in the submodules. These fluctuations are determined by the differential equation [10] (7)
where and are the submodule capacitance and nominal submodule voltage, respectively. As can be noted, it is not possible to solve (7) analytically because both and change continuously. However, it is possible to determine the range of the term based on the signs of and . That is, if the signs of and are known, then it can be deduced whether the error term is greater or less than one. This is illustrated in Fig. 3 
C. Suprresion of Low-Frequency Voltage Fluctuations
In [9] , we have suggested that the voltage fluctuations at the fundamental frequency can be suppressed by adjusting with two compensating parameters and , that is,
where and meet the criterion
Another approach is to disregard phase compensation, i.e. we set . In this case, it is still possible to satisfy (9) with adjustment only according to (10) On the other hand, it is not possible to meet (9) with only phase compensation. If (no amplitude compensation) then the resultant equation becomes
Apparently, (11) cannot be satisfied with any if .
One approach to determine the required can be understood by focusing on interval in Fig. 3 . During the submodule voltages increase and reach their maximum value by the end of T1. Clearly, minimizing this maximum value results in suppressing the voltage fluctuations at low frequencies. This can be achieved by reducing during where the error term . Thus, according to Fig. 3 and (10), a suitable should be chosen larger than one.
III. SIMULATION VERFICATION
A system consisting of a MMC and a PM machine is simulated to verify the above theoretical analysis. The block diagram of the simulated system structure is described in Fig. 4 . The control cycle starts by executing the motor speed and current controllers to determine the required output voltage . Then, the circulating current reference is computed according to (8) , where the new parameters and are used. The circulating current is then controlled by the voltage reference generated by a proportional controller. Both reference voltages and for each phase, along with the common-mode voltage from (2), collectively determine the required number of submodules inserted into each arm. The individual submodules, however, are determined based on the voltage of each submodule and the direction of the arm currents [11] . The gating signals for each submodule are accordingly generated and applied to the MMC to generate the required output voltage to for the PM machine. The system specifications and parameters are given in Table I . 
Control Parameters
Sampling and control frequency 50 kHz Peak common-mode voltage 225 V Fig. 4 . Simulation block diagram. With the right choice of the amplitude compensation , it is possible to substantially suppress the large voltage fluctuations at the fundamental frequency, which is demonstrated for the same case in Fig. 5 . The circulating current reference is calculated according to (8) with only, that is, . As shown in Fig. 6 , with the submodule voltage fluctuations are reduced by more than 10% by suppressing the voltage components at the fundamental frequency. On the other hand, if angle compensation is solely used, the submodule voltage fluctuations is marginally suppressed. As illustrated in Fig. 7 , a maximum reduction of 3% in the peak voltage fluctuations resulted from applying and . 
IV. EXPERIMENTAL RESULTS
The laboratory investigation of the proposed solution has been conducted to the above theoretical studies on a 3-level MMC [12] . A Digital signal processor (DSP) and a fieldprogrammable gate array (FPGA) are used to implement the control system in Fig. 4 [13] . Schematic of the experimental setup is shown in Fig. 8 , where the MMC is supplied by a DC source and drives a PM machine mechanically coupled to a regenerative load. The actual MMC and mechanical setup are shown in Figs. 9 and 10. Three cases are investigated to validate the theoretical analysis. The system specifications and parameters are identical to those listed in Table I except for , which is set to 210 V. Furthermore, the peak motor current is 50 A and is 1000 Hz.
In the first case, the circulating current is controlled using the conventional method in (3) without any amplitude or phase compensation. As can be seen in Fig. 11 , the submodule voltage fluctuations reach 110% of the nominal value. Moreover, these fluctuations exhibit very large components at the output frequency.
In the second case, only amplitude compensation is used to reduce the circulating current error. The reference is calculated according to (8) . A value of 1.25 is chosen for , corresponding to minimum voltage fluctuations, while being set to zero. This combination of and results in a 7% reduction in the peak voltage fluctuations as illustrated in Fig. 12 . However, the arm currents slightly increased by 10 A as a direct result of amplitude compensation. The third case utilizes only phase compensation, and the reference circulating current is computed by (8) . Experimental results are shown in Fig. 13 for , which results in minimum voltage fluctuations. Clearly there are still larger voltage fluctuations at the output frequency, compared to those in the second case. The presence of these voltage fluctuations proves the ineffectiveness of phase compensation in reducing the circulating error. 
V. CONCLUSIONS
This paper has investigated how the errors of injected circulating currents affect the submodule voltage fluctuations in low-frequency operation of MMCs. It has been proven mathematically that the errors may cause significant either charging or discharging in the submodule capacitors depending on both the amplitude and phase deviations in the circulating current. Moreover, the theoretical analysis has also pointed out how the errors can be compensated by using only amplitude 
